Density functional theory (DFT) calculations were employed to investigate the structural characteristics, electronic properties, and nonlinear optical properties of borazine-based chromophores at B3LYP/ 6-311G(d,p) level. We studied the effects of various donor and acceptor substituents (H, F, Cl, Br, Me, NH 2 , OH, COOH, CHO, CN, NO 2 ) on the stability, dipole moment, polarizability, frontier orbitals, structure, the most intense electronic transition, and hyperpolarizabilities. These calculations indicate B-isomer is more stable than N-isomer. On the other hand, the most stable isomer confirms the minimum polarizability and maximum hardness principles in the most molecules. Also, we obtained good linear relations between some of the studied properties. The predicted first hyperpolarizability also shows that the substituted molecules might have a reasonably good nonlinear optical (NLO) behavior.
INTRODUCTION
There is growing attention in materials with high non-linear optical (NLO) properties due to their potential application in technologies such as lasers, telecommunications, photovoltaic cells, organic light emitting diodes, and semiconductor layers in field-effect transistors [1] information processing and holography. Organic π-conjugated oligomers and polymers represent an excellent alternative to traditional inorganic NLO crystals because they can be easily synthesized and chemically modified. Extremely fast switching times, resistance to high intensity radiation, possibility of thin-layer fabrication, and low electric permittivity (related to low-frequency dependence in nonresonant regime) are important properties in favor of organic NLO materials. A variety of inorganic, organic, and organometallic molecular systems have been studied for NLO activity [2] [3] [4] [5] [6] [7] [8] [9] [10] .
We report here on a systematic computational investigation of the NLO properties of borazine-based chromophores. The main purpose here is to assess the use of borazine moieties for the design of molecular NLO chromophores and to obtain insight into the structure-function relationships of these systems.
Computational Methods
All calculations were carried out with the Gaussian 03 suite of program [11] . All molecules were described by the standard 6-31G(d,p) basis set [12] [13] [14] [15] . Geometry optimization was performed using Becke ' s hybrid threeparameter exchange functional and the nonlocal correlation functional of Lee, Yang, and Parr (B3LYP) [16] . A vibrational analysis was performed at each stationary point which corresponds to an energy minimum. Geometries were optimized at this level of theory without any symmetry constraints followed by the calculations of the first order hyperpolarizabilities. The total static first hyperpolarizability β was obtained from the relation:
The electronic spectra for the studied compounds were calculated by TD-DFT [18] using the same hybrid functionals and basis sets as used for the calculation of the hyperpolarizabilities. The 10 lowest excitation energies were computed. Figure 1 shows benzene and borazine-Based chromophores investigated in this paper. Table 1 presents the computed energies, relative energies, for all molecules. The relative energies show that B-isomer is more stable than N-isomer in all species. We believe the added stability of the B-isomer systems is due to the degree of polarization of the B-C bond is greater than the N-F bond. For example, in B-isomer (X=H) the charges on B1 and C2' are +0.920e and -0.480e respectively. In N-isomer, the charges on N1 and C2' are -0.888e and +0.064 (Table 1) . There is a good linear relation between the relative energies values and along with their Hammett constants (σ p ) [19] . (Figure2) .
Energetic aspects

upon calculating the individual static components
Due to the Kleinman symmetry [17] : β xyy = β yxy = β yyx ; β yyz = β yzy = β zyy ,… one finally obtains the equation that has been employed: Figure 1 . Resonance forms of Borazine-based chromophores with various X-groups. For acceptors, the zwitterionic form has the opposite charge separation.
e-mail: rezaghiasi1353@yahoo.com Table1. Absolute energy (Hartree), relative energy (kcal/mol), Hammet constant (σ p ), dipole moment (µ, Debye) and NBO Charges of C2', N1, and B1 atoms of borazine-based chromophores with various X-groups. 
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2.
Dipole moment The dipole moment values have been gathered in Table 1 . These values present N-isomer has a larger dipole moment rather than B-isomer. A good correlation between µ and Hammett constants (σ p ) has been shown. See Figure  3 . As a consequence, dipole moment values also increases with an increase in the accepting strength of the X-group.
3.
Polarizability Polarizabilities describe the response of a system in an applied electric field [20] . They determine not only the strength of molecular interactions (such as the long range intermolecular induction, dispersion forces, etc.) as well as the cross sections of different scattering and collision processes, but also the nonlinear optical properties of the system [21] .
The isotropic polarizability <α> is calculated as the mean value as given in the following equation:
And the polarizability anisotropy invariant is:
The calculated isotropic and anisotropic polarizability values indicate these values decrease in the stable complexes, as expected from the principles of minimum energy and minimum polarizability in most cases (expect, X=NH 2 , OH; Table 2 ) [22] . On the other hand, there is a good correlation between isotropic and anisotropic polarizability values with relative energy values ( Figure 4 ). 
4.
Frontier orbital analysis A particularly interesting property for these molecules is the energy gap (E g ) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The energy gap is considered as a reflection of the molecule's chemical activity. The frontier orbital energies values have been gathered in Table 3 . These values display HOMO and LUMO energy values decrease in substituted molecules, except X=Me, NH 2 , OH. Also, these values decrease in more stable isomer. Figure 5 presents linear correlation between frontier orbital energies and hammet constant values. A good correlation found suggests that the electron withdrawing/donating groups influences the E(HOMO), and this correlation may be used as a tool to predict E(HOMO) for other substituents for which σ p is known. The same correlation is observed for E(LUMO) energies. Table 3 ). There is a good correlation between relative hardness values with constant values ( Figure  6 ). To evaluate the chemical potential (µ) of these complexes, these values can be calculated from the HOMO and LUMO orbital energies using the following approximate expression [23] [24] [25] [26] [27] [28] [29] :
The chemical potential characterizes the tendency of electrons to escape from the equilibrium system. As expected, more stable isomer has less chemical potential.
To evaluate the electrophilicity of these complexes, we have calculated the electrophilicity index,ω, using the expression:
The values of electrophilicity index in Table 3 indicate more stable isomer has the largest electrophility.
5.
Structural analysis The optimized geometries of borazine-based chromophores studied in work with atom labeling are depicted in Figure 1 . All studied molecules are essentially nonplanar. Table 4 shows the B3LYP/6-311G(d,p) selected structural data for the optimized structures with various X-groups.
These values indicate bonds C1C2, C3C4, and C5C6 are longer, while bonds B1N2 and B3N3 are shorter. These changes in the bond lengths indicate a larger contribution of the zwitterionic (nonaromatic) resonance structure to the ground state of these derivatives. 
6.
Electronic spectra We found the most intense electronic transition (λ max ) of molecules. The wavelength, oscillator strength and the composition of the transitions obtained by TD-DFT calculations are given in Table 5 . The most intense electronic transition for all molecules is attributed to HOMO®LUMO transition. The λ max is a function of substituent, the stronger the donor character of substituent, the more electron push into the molecule, the less λ max . These calculations illustrate the decreasing of λ max in B-isomer, which is compatible with larger HOMO-LUMO gap in this isomer. There is a good correlation between HOMO-LUMO gap and λ max (Figure 7 ).
7.
Hyperpolarizability The first static hyperpolarizability (β tot ) values for the all molecules are shown in Table 6 . The results show that the magnitude of the first hyperpolarizability tensor of all molecules is rather moderate, and NO 2 and NH 2 substations have the most value in N-and B-isomers, respectively. Also, these values indicate the first hyperpolarizability values of N-isomer are more than B-isomer with withdrawing substitutions. On the other hand, these values of N-isomer are less than B-isomer with donor substitutions.
This chromophore exhibits larger non-linearity and its λ max is red-shifted in B-isomers (except β in X=Me, CN) and N-isomers when compared with unsubstituted molecule. Therefore, it is clear that the hyperpolarizability is a strong function of the absorption maximum. Since even a small absorption at the operating wavelength of optic devices can be detrimental, it is important to make NLO chromophores as transparent as possible without compromising the molecule's non-linearity.
A good correlation has been shown between β tot and λ max in N-isomer for all substituents (Figure 8 ). But, there is similar correlation in B-isomer for donor substituents and withdrawing substituents.
CONCLUSION
The study of electronic, structural and spectroscopic properties as well as the static first hyperpolarizabilities of the borazine-based chromophores indicated stability of B-isomer species is more than N-isomer. The decreasing of isotropic and anisotropic polarizability values and increasing of HOMO-LUMO gaps values in the stable complexes is compatible with the principles of minimum energy and minimum polarizability in most cases (expect, X=NH 2 , OH). Calculations showed that the most intense electronic transition is due to HOMO→LUMO transition in all molecules. Theoretical studies indicated acceptor substitutions causes to increasing the first hyperpolarizability values in N-isomer rather than B-isomer, whist, these values of N-isomer are less than B-isomer with donor substitutions. 
